Handbook of physical and thermal property data for hydrogen.  Triple point region to critical point region.  Volume I - A study of hydrogen slush and/or hydrogen gel utilization by unknown
11 MARCH1967 K-ll-67-1
Ili
HANDBOOKOFPHYSICALNDTHERMAL
PROPEBTYDATAFORHYDROGEN
TRIPLEPOINTREGIONTOCRITICALPOINTREGION
ASTUDYOFHYDROGENSLUSHAND/ORHYDROGENLUTILIZATION
Contract HAS 8-20342
I VOLUMEI
https://ntrs.nasa.gov/search.jsp?R=19670025583 2020-03-24T01:31:47+00:00Z
II III I
1i MARCH1967 K-!1-67-1
HANDBOOKOFPHYSICALNDTHERMAL
PROPERTYOATAFORHYDROGEN
TRIPLEPOINTREGIONTOCRITICALPOINTREGION
ASTUDYOFHYDROGENSLUSHAND/ORHYDROGENLUTILIZATION
Contract NAS 8-20342
I VOLUMEI
C. W. KELLER,Project Manager
Prepared for
NATIONALAERONAUTICSANDSPACEADMINISTRATION
GEORGEC. MARSHALLSPACEFLIGHTCENTER
HUNTSVILLE,ALABAMA
MISSILES
A GROUP DIVISION
& SPACE COMPANY
OF LOC K H E E D A I RC R A F T C r) f-_ _'(_) F4 A f ! () N
SUP_IN YVAL E C*_L IF ()F? NIA
K-11-67-1
Vol. I
CONTENTS
Section
1
2
3
4
5
Introduction
Physical-Thermal Properties of Hydrogen it. English
Units
Physical-Thermal Properties of Hydrogen in International
Units
References
Conversion Factors
Page
i-i
2-1
3-1
4-1.
5-1
ii
LOCKHEED MISSILES & SPACE COMPANY
BK-II-67-I
Vol. I
ILLUSTRATIONS
Figure
i-i
2-1
2-4
2-5
2-6
2-*7
2-8
2-9
2-10
2-11
2-12
2-13
2-14
2-15
2-16
2-17
'2-18
2-19
Liquid-Solid Hydrogen Mix_ure (Age: 40 hr 15 min)
Parahydrogen Composition of Ortho-para Mixture at
Equilibrium
Parahydrogen Pressure-Temperature Phase Diagram
Parahydrogen Pressure-Temperature Phase Diagram
(0.1 to 1.0 psia)
Parahydrogen Pressure-Temperature Phase Diagram
(I. 0 to 10.0 psia)
Parahydrogen Pressure-Temperature Phase Diagram
(I0 to i00 psia)
Farahydrogen Pressure-Temp_,rature Phase Diagram
(i00 to i000 psia)
Enthalpy of Saturated Parahydrogen Liquid
E nthalpy of Saturated P arahydrogen Vapor
Internal Energy of Saturated P arahydrogen Liquid
Internll Energy of Saturated P arahydrogen Vapor
Heat Capacity of Saturated Parahydrogen at Constant Pressure
Heat Capacity of Saturated Para_hydrogen at Constan+. Volume
Heat Capacity (Cs) of Saturated Solid Parahydrogen
Heat Capacity (Cp) of Saturated Solid P arahydrogen
Temperature-Entropy Diagram (English Units)
Energy Absorption C apabilit_ of Saturated Parahydrogen
Energy Absorption Capability of Liquid-Solid Mixtures of
P arahydrogen
Density of Saturated Par_ydrogen Liquid
Density of Saturated Parahydrogen Vapor
Page
i-2
2-3
2-4
2-5
2-6
2-7
2-_
2-9
2-'_0
2-_!
2-12
2-13
2-14
2-15
2-16
2-17
2-1_
2- 19
2 - '20
2- 21
°,.
III
LOCKHEED MIS_ILES & SPACE COMII_ANy
Figure
2-20
2-21
O O
2-23
2-24
2-25
2-26
2-27
2-28
2-29
2-30
2-31
2-32
3-1
3-4
3-5
3-6
3-7
3-8
3-9
3- i0
3- ii
3-12
3- t3
Density of Liquid and Solid-Liqu._d Mixtures of Saturated
Parahydrogen
Density of Solid Parahydrogen Along the Melting Line
Specific Volume of Liquid and Solid-Liquid Mixture of Saturated
P arahydrogen
Specific Volume of Solid Parahydrogen Along the Melting Line
Thermal Conductivity of Parahydrogen Liquid and Vapor
Thermal Conductivity of P arahydrogen Solid
Viscosity of Parahydrogen
Surface Tension Properties of Parahydrogen
Dielectric Constant of Parahydrogen Solid and Liquid
Dielectric Constant of Parahydrogen Vapor
3olubility of Helium Vapor in Equilibrium Hydrogen Liquid
Isothermal Pressure - Composition Diagram for 36.7" R
Equilibrium Hydrogen Vapor - Helium Vapor System
Compressibility of Saturated Parahydrogen Vapor
Parahydrogen Composition of Ortho-para Mixture at
Equilibrium
Parahydrogen Pressure-Temperature Phase Diagram
Par ahydrogen P ressure-Temperature Phase Diagram
(0.1 to 1.0 N/cm 2)
Parah_drogen Pressure-Temperature Phase Diagram
(1.0 to 10.0  /cm2)
Parahydrogen Pressure-Temperature Phase Diagram
(10 to 100 N/cm 2)
Parahydrogen Pressure-TempJrature Phase Diagram
(100 to 1000 N/cm 2)
Enthalpy of Saturated Parahydrogen Liquid
Enthalpy of Saturated Parahydrogen Vapor
Internal Energy of Saturated P arahydrogen Liquid
h_tern_ Energy of Saturated Par_.hydrogen Vapor
Heat Capacity of Saturated Parahydrogen at Constant
Pressure
tteat Capacity of Saturated Parahydroge'_ at Constant
Volume
Heat Capacity (Cs) of Saturated Solid Parahydrogen
iv
K-11-67-I
Vol. I
P age
2-22
2-23
2-24
2-25
2-?6
2-2'7
2-28
2-29
2-30
2-31
2-32
2-33
2-34
3-5
3-6
3-7
3-8
3-9
3-10
3-11
3-12
3-13
3-14
3-1.5
LOCKHEED MISSILES & SPACE COMFtANY
Figure
3-14
3-15
2-16
3-17
3-18
3-19
3-20
3-21
3-22
3-23
3-24
3-25
3-26
3-27
3-28
3-29
3-30
3 -31
3 -32
Heat C apacity (Cp) of Saturated Solid Parahydrogen
Temperature-Entropy Diagram (International Units)
Energy Absorption Capability of Saturated Parahydrogen
Energy Absorption Capability of Liquid-Solid Mixture of
Par ahydr ogen
Density of Saturated Parahydrogen Liquid
Density of Saturated Parahydrogen Vapor
Density of Liquid and Solid-Liquid Mixtures of Saturated
Parahydrogen
Density of Solid Parahydrogen Along the Melting Line
Specific Volume of Liquid and Solid-Liquid Mixtures of
Saturate( P arahydrogen
Specific Volume of Solid Parahydrogen Along the Melting Line
Thermal Conductivity of Parahydrogen Liquid and Vapor
Thermal Conductivity of Parahydrogen Solid
Viscosity of Parahydrogen
Surface Tension Properties of Parahydrogen
Dielectric Constant of Parahydrogen Solid and Liquid
Dielectric Constant of P axahydrogen Vapor
Solubility of Helium Vapor in Equilibrium Hydrogen Liquid
Isothermal Pressure - Composition Diagram for 20.4" K
Equilibrium Hydrogen Vapor - Helium Vapor System
Compressibility of Satursted Parahydrogen Vapor
Page
3-16
3-17
3-18
3-19
3-20
3-21
3-22
3-23
3-24
3-25
3-26
3-27
3-28
3-29
3-30
3-31
3-32
3 -33
3 -34
V
LOCKHEED MISSILES & SPACE COMPANY
K-11-67-1
Vol. I
TABLES
Table
2-1
3-1
Reference Point Properties (English Units)
Reference Point Properties (International Units)
I:age
2-2
3-2
vi
LOCKHEED MISSILES _ SPACE COMPANY
K-11-67-I
Vol. [
h
Section i
INTRODUCTION
The Handbook of Physical and Thermal Property Data for Hydrogen was prepared for
the NASA George C. Marshall Space Flight Center (MSFC) under contract NAS 8-20342.
This is Volume I of two volumes that constitute the final report for work performed
under the MSFC contract. Mr. A. L. Worlund of the Fluid Thermal Systems Branch
of the Propulsion and Vehicle Engineering Labcretory (R-P&VE-PTF) was the technical
manager at MSFC for this effort. ']?he primary purpose of presenting these data in
handbook form is to provide a convenient source of consistent data for physical and ther-
mal properties of hydrogen, with emphasis on the triple--point region.
This volume is the firstknown compilation of slush hydrogen properties presented in a
format convenient to space-vehicle designers. The increased density and storabilityof
hydrogen propellant, with use of subcooled liquidand slush, warrant incorporation of
these data into a single-source book. Data presented were selected after a thorough
search of all literature presently available.
All property data are presented in both the English and Internationalsystems of units.
This not only satisfiesa contractural requirement, but also provides convenient, reli-
able data for designers working with either system. Conversion factors are presented
in Section 5.
During performance of this contract program, close coordination was maintained with
Mr. D. B. Mann and Mr. D. B. Chelton of the Cyrogenics Division of the National
Bureau of Standards (NBS) Institute for Materials Research, where a related analytical
and experimental program is in progress. Figure 1-] shows a mixture of liquid and
solid hydrogen under study in that program. This photograph was taken by NBS after
the mixture had aged approximately 40 hr.
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l"i_. i-t !_i_luid-S,_iid tlydr(J_cn Mixtu_'c (Age: 40 hr 15 rnin)
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Physical and thermal property data in the solid, liquid, and vapor states ne:_r tht,
triple-point temperature of 13. 803 ° K (24.85 ° R) were used ft'om this d:_ta book in pt, l'-
forming the hydrogen slush utilization contract stud)'. Nearly all propertit, s lu't,s{,_ltt,d
were selected for parahydrogen, since this is the major component of [ow-temp{'l':Htwc
equilibrium mixtures. However, certain properties, such as the solubility of heliul_l
in hydrogen, exhibit significantly different properties for parahydrogen :tll(t ()rtho-
hydrogen in the region near the critical-point. Therefore, this p_'ot)urty w_ts t)_'v-
sented for equilibrium mixtures whose properties are shown in Figs. 2-1 and :',-[.
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Section 2
PHYSICAL-THERMAL PROPERTIES OF HYDROGEN
IN ENGLISH UNITS
Physical and thermal property data foi_ hydrogen in the regions between the triple-point
and the critical-point are presented in the Englisl, _ystenl of units in the following table
and illustrations.
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Table 2-1
REFERENC E- POINT PROPERTIES
(English Units)
One Critical
Physical Property Triple Point Atmosphere Point
P arahydrogen, P erc ent
Temperature, ° R
Pressure, psia
Enthalpy, Btu/lb
Saturated Vapor
Saturated Liquid
99. 789 ('_)
24.85
1. 021
99. 789(b)
36.48
14.6959
Density, lb/ft 3
Saturated Liquid
50% Liquid- 50% Solid
100% Solid
Saturated Vapor
4.808
5.09
5.4_3
0.008
4.425
(d)
(d)
0. 084
Viscosity, lb/hr ft
Vapor at 10 cm Hg
Saturated Liquid
Surface Tension, !b/ft
Dielectric Constant
Saturated Vapor
Saturated Liquid
Solid
Compressibility Factor
Saturated Vapor
(d)
(_)
2.049
1.0004
1.2503
(1. 2505)(c)
0.9838(f)
(d)
(0. 032)(c)
1. 323
1.0040
1.2285
(d)
O. 9060(f)
94.55 (c)
59.36
187.50
16.40
16 50
1.963
(d)
(d)
1..963
(d)
(o. o 10) (c)
0.0
1. 09733
1. 1267(c)
(d)
O. 3024(f)
(a) This value is suitable due to the time required to reach equilibrium.
(b) At temperature 0.6% off one atmosphere saturated temperature.
(c) Either read h'om plot or interpolated.
(d) Not applicable.
(e) No data given or uncertain conditions
(f) Calculated using referenced properties.
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Section 3
PIIYSICAL-THERMAL PROPERTIES OF HYDROGEN IN INTERNATIONAL UN1TS
Physical and thermal property data for hydrogen in the regions between the triple-
point and the critical-point are presented in the International system of units in the
following table and illustrations
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Table 3-1
REFERENCE POINT PROPERTIES
(InternationalUnits)
Physi_ _1 Property
Parahydrogen, Percent
Temperature, o K
Pressure, N/cm2
Enthaply, joules/gm
Saturated Vapor
Saturated Liquid
Density, kg/m 3
Saturated Liquid
50% Liquid--50% Slush
100% Solid
Saturated Vapor
Viscosity, gm/cm sec
Vapor at 10 cm Hg
Saturated Liquid
Surface Tension, N/cm
Dielectric Constant
Saturated Vapor
Saturated I,iquid
Solid
Compressibility Factor
Saturated Vapor
Triple Point
99. 789 (a)
13. 803
0. 704
140.297
-308.921
77. 024
One
Atmosphere
99. 789 (b)
20.268
10.133
189.323
-256.234
70. 889
Critical
Point
5s (c)
32.976
129. 281
38.1
38.5
3 I. 447
81.54
86. 636
O. 128
(d)
(e)
(d)
(d)
1.3457
(d)
(131 × lO -6(c)
(d)
(d)
31.44"
(d)
(43.9 y 10-6 )(c)
2. 990 × 10 -5
1.0004
1.2503
(1. 2505)( c )
0. 9838 (f)
1.930 × 10 -5
1. 0040
1. 2285
(d)
0.9060 (f)
0.0
1. 09733
1. 1267(c)
(d)
O. 3024 (f)
(a) This value is suitable due to the time required to reach equilibrium.
(b) At temperatures 0.6% off one atmosphere saturated temperature.
(c) Either read from plot or interpolated.
(d) Calculated using referenced properties.
(e) Not applicable.
(f) No data given or uncertain cendition_.
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CONVERSION FACTORS
K-11-67-1
Vol. I
Multiply By To Obtain
Atmosphere (atm)
Atmosphere (atm)
British thermal unit (Btu)
Btu per hour-foot-°R (Btu/hr-ft-°R)
Btu per OR (Btu/°R)
Btu per pound-°R (Btu/lb-°R)
Btu per pound (Btu/ib)
Btu per pound (Btu/Ib)
Degrees Kelvin (OK)
Degrees Rankine (OR)
Feet (ft)
Joules (joule),watt-seconds (w-see),
or newton-meters (N-m)
Joules per OK (joule/OK)
Joules per gram-°K (joule/gm-OK)
Joules per gram (joule/g-m)
Joules per GMole (joule/GMole)
Joules per GMole (joule/GMole)
Joules per gram (joule/gin)
Kilogram (kg)
Kilogram per cubic meter (kg/m 3)
Meters (m)
Newtons (N)
Newtons per square prater (N/m 2)
Newtons per square meter (N/m 2)
Pounds-mass (lb-mass)
Pounds per cubic foot (lb/ft 3)
Pounds-force (lb-force)
Pounds per square inch (lb/in. 2)
Pounds per square inch (lb/in. 2)
Watts per cm-°K (w/cm-°K)
14.6959
101325
1054.8
i.731 x 10-2
1898.6
4.18674
2.32597
4_6891
1.8
0.556
0.3048
9.481 x 10-4
5.267 x 10 -4
0.23885
0.42993
0.21326
0.4961
2.01572
2.205
6.243 x 10 -2
3.28!
0.2248
1. 450x 10-4
9. 869 x 10 -6
0.4536
16.02
4.448
6.895 x 10 3
6.804 x 10.2
57.78
Pounds per square inch (lb/sq 2)
Newtons per square meter (N/m 2)
Joules (joule), watt-second
(w-sec), or newton-meters (N-m)
Watts per cm-°K (W/cm-°K)
Joules per OK (joule/°K)
Joules per gram-°K (joule/gin-OK)
Joules per gram (joule/gin)
Joules per GMole(joule/GMole)
Degrees RankAne (OR)
Degrees Kelvin (OK)
Meters (m)
British thermal units (Btu)
Btu per OR (Btu/OR)
Btu per pound-°R (Btu/lb-OR)
Btu per pound (Btu/lb)
Btu per pound (Btu/lb)
Joules per gram (joule/gm)
Joules per GMole (joule/GMole)
Pounds-mass (lb-mass)
Pounds per cubic foot (lb/ft 3)
Feet (ft)
Pounds-force (lb-force)
Pounds per square inch (lb/in.2)
Atmosphere (atm)
Kilogram (kg)
Kilogram per cubic meter (kg/m 3)
Newtons (N)
Newtons per square meter (N/m 2)
Atmosphere (atm)
Btu per hour-feet-OR
(Btu/hr-ft-°R)
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